Abstract. Myeloid-derived suppressor cells (MDSCs), one of the major orchestrators of the immunosuppressive network, are associated with immune suppression and considered a prime target for cancer immunotherapy. At present, various strategies have been explored to deplete and/or inactivate MDSCs in vivo. In this study, we investigated the effect of arsenic trioxide (ATO) on MDSCs derived from tumor-bearing mice. This study examined the in vitro and in vivo effects of ATO administration on MDSCs from C57/j mice bearing either the B16 or H22 tumor. The MDSCs were then characterized for phenotype, gene expression and function. Administration with ATO in vitro significantly induced MDSC differentiation, inhibited their proliferation and triggered apoptosis. Treatment with ATO in these murine tumor models significantly inhibited tumor growth and splenomegaly, decreased the percentages of MDSCs in the spleen, promoted their differentiation, reduced tumor necrosis factor-α and interleukin-10 levels and weakened the immune inhibition activity of MDSCs on T cells. In addition, we observed the underlying mechanism involved in the regulation of MDSCs by ATO, which included a panel of cytokines and signaling pathways. The findings showed the immunoregulatory effects of ATO by inducing apoptosis, promoting differentiation and inhibiting the function of MDSCs, suggesting that ATO has potential clinical benefit as it selectively attenuates MDSC-induced immunosuppression.
Introduction
In recent years, clinical approaches have included using the immune system against cancer to initiate or amplify a host response against advanced cancer (1) . Reversion of immunosuppression is considered a component of existing immune-based cancer therapy. Myeloid-derived suppressor cells (MDSCs) and their biological functions have aroused interest regarding their therapeutic, predictive and prognostic roles in cancer (2) . MDSCs are a heterogeneous population of immature haematopoietic cells that have a role in immune tolerance, tumor progression and metastasis (3) . They consist of two major subsets, CD11b + Ly6G + Ly6C low granulocytic and CD11b + Ly6G -Ly6C high monocytic cells, in mice. Granulocytic MDSCs (G-MDSCs) express high levels of reactive oxygen species (ROS) that induce T-cell apoptosis and nitrate T-cell receptors. Monocytic MDSCs (M-MDSCs) produce nitric oxide (NO) and block T cell proliferation (4, 5) . A number of mechanisms were involved in the immunosuppressive function of MDSCs, such as the production of transforming growth factor-β (TGF-β) and ROS, and the expression of inducible NO synthase (iNOS) and arginase-1 (Arg-1). The fate of MDSCs influences the efficacy of systemic chemotherapy. Agents, such as all-trans retinoic acid and vitamin D, have been studied regarding their inhibitory effects on the immunosuppressive actions of MDSCs, including favoring their differentiation, or inhibiting their expansion or their immunosuppression (6, 7) .
Arsenic trioxide (ATO) is a natural extract of traditional medicine, currently used as the standard care for acute promyelocytic leukemias (APLs) in adults, as well as for some solid tumors in clinical trials (8, 9) . Accumulating evidence have demonstrated that ATO is involved in antitumor effects by influencing multiple signal transduction pathways, resulting in diverse cell effects, including apoptosis induction, growth inhibition and promotion of differentiation by ATO (10) (11) (12) (13) . The immunomodulatory properties of ATO have been previously described (14) . In colon tumor-bearing mice, low doses of ATO can delay solid tumor growth by depleting regulatory T cells (Tregs) through oxidative and nitrosative bursts (15) . Although progress has been made in exploring ATO function in the host immune system, it remains unknown whether or how ATO modulates the differentiation and phenotypic switching of MDSCs. In the present study, the antitumor immunity of ATO and its underlying molecular mechanism were systematically investigated.
Arsenic trioxide inhibits tumor-induced myeloid-derived suppressor cells and enhances T-cell activity

Materials and methods
Experimental mice and cells. Female C57/j mice were purchased from the Department of Laboratory Animal Science of Fudan University (Shanghai, China). All the animal experiments were carried out in accordance with an approved protocol for animal use and handling. Unless specified, the mice used in these experiments were 6-8 weeks of age. The study was approved by the Animal Ethics Committee of Fudan University Animal Center. B16 cells, a type of mouse melanoma cell, were obtained from the Chinese Academy of Science. Hepatoma 22 (H22) cells, one of the most widely used mice transplanted tumor cell lines, were a gift from the Second Military Medical University (Shanghai, China). All the cells were cultured in RPMI-1640 (Invitrogen Life Technologies, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS) enriched with 0.4 mmol/l of sodium pyruvate, 4 mmol/l of HEPES and antibiotics (penicillin and streptomycin).
In vivo murine cancer model experiments. In vivo experiments were performed as previously described (16) . Briefly, 1x10 5 B16 and 1x10 6 H22 cells were separated and injected into the flank of 8-week-old C57/j mice. Tumor growth was monitored by measuring the two-dimensional tumor size with a digital caliper. When tumor volumes reached 50-80 mm 3 , the mice were randomized into control and treatment groups, with 6 mice in each group. According to the safe drug dosage and our preliminary findings, ATO was administered by injection at 2 mg/kg for 10 days. Tumor surfaces were measured 3 times a week.
Isolation and culture of MDSCs. Mice with B16 or H22 tumor were sacrificed and spleens were harvested, dissociated, and the red blood cells were lysed in lysis buffer. MDSCs were purified using a mouse MDSC isolation kit according to the manufacturer's instructions (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). The purified cells were used for other experiments. MDSCs were cultured in Dulbecco's modified Eagle's medium (DMEM) (Life Technologies) with 10% FBS enriched with 0.4 mmol/l of sodium pyruvate, 4 mmol/l of HEPES, and antibiotics (penicillin and streptomycin) in the Corning 3261 ultra-low attachment culture dishes (Corning Inc., Corning, NY, USA). Since MDSCs are incapable of survival without growth factor, granulocyte-macrophage CSF (GM-CSF) (40 pg/ml) was used to support cell viability and differentiation. Cell proliferation analysis. MDSCs were plated in 96-well plates at 1x10 4 cells/well in complete medium with 10% FCS. The cells were incubated overnight at 37˚C, and the next day, ATO was added in complete growth media to a final concentration of 2 µmol/l. The cells were incubated with test compounds at 37˚C in complete growth medium, and cell numbers were quantified using a Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto, Japan) kit with a Synergy 2 microplate reader at various time-points according to the the manufacturer's instructions. The results were presented as the proliferation index relative to the control cells.
Cell cycle assays. MDSCs were plated at 2x10 5 cells/well in 6-well tissue culture plates in DMEM growth medium (10% heat-inactivated FBS) overnight. Following serum starvation for 24 h, the cells were cultured in complete medium supplemented with ATO for 24 or 48 h, and then harvested and fixed in 75% ethanol at 4˚C overnight. The cells were incubated with RNase A (10 mg/ml) for 10 min at room temperature and DNA was stained with 50 mg/ml propidium iodide (PI) for at least 15 min at 37˚C. The DNA content was determined by flow cytometry using the FACSCalibur flow cytometer.
Apoptosis assays. Annexin V/7-AAD, 4'6-diamidino-2-phenylindole (DAPI): MDSCs were washed twice with cold PBS and prepared according to the manufacturer's instructions (Invitrogen Life Technologies). After staining for 15 min at room temperature with Annexin V and PI, the cells were analyzed by flow cytometry. 4 ) sorted from ATO-treated mice and control groups were administered with rapamycin. T cells (3x10 4 ) harvested from BALB/c (H2d) mice by CD90.2 + microbeads were labeled with CFSE. Then MDSCs and T cells were co-cultured for 72 h. The radioactivity (cpm) was measured to quantify CD4 + cell proliferation using a flow cytometry kit. In addition, T-cell proliferation was measured using a CCK-8 kit.
Mixed leukocyte reaction (MLR) assay. MDSCs (3x10
Enzyme-linked immunosorbent assay (ELISA).
Supernatant from the MDSCs isolated from tumor-bearing mice and then treated with ATO, were harvested. In addition, the serum from the ATO-treated and control mice was collected. The concentrations of tumor necrosis factor-α (TNF-α) and interleukin-10 (IL-10) in the supernatant or serum were determined in triplicate using commercial ELISA kits according to the manufacturer's instructions (eBioscience, Inc.).
Reverse transcription-polymerase chain reaction (RT-PCR)
and quantitative real-time PCR. Target cells were homogenized in TRIzol reagent (Invitrogen Life Technologies) and total RNA was extracted. RT-PCR was used to determine relative quantities of messenger RNA (mRNA) (OneStep RT-PCR kit; Qiagen, Hilden, Germany) using 28 PCR cycles. The intensity of each band was then analyzed by IQ Mac v1.2 software and quantitated using β-actin as the internal control. The following oligonucleotides were produced: internal control β-actin, 5'-GTGACGTTGACATCCGTAAAGA-3' (sense) and 5'-GCCGGACTCATCGTACTCC-3' (antisense); mouse Bcl-xL, 5'-GCAGGTAGTGAATGAACTCTTTCGG-3' (sense) and 5'-CAGAACCACACCAGCCACAGTC-3' (antisense); mouse Bax, 5'-GGATGCGTCCACCAAGAAGC-3' (sense) and 5'-GGAGGAAGTCCAGTGTCCAGCC-3' (antisense); mouse TGF-β, 5'-CCGCAACAACGCCATCTATG-3' (sense) and 5'-CTCTGCACGGGACAGCAAT-3' (antisense); mouse VEGF, 5'-CTTGTTCAGAGCGGAGAAAGC-3' (sense) and 5'-ACATCTGCAAGTACGTTCGTT-3' (antisense); mouse iNOS, 5'-GTTCTCAGCCCAACAATACAAGA-3' (sense) and 5'-GTGGACGGGTCGATGTCAC-3' (antisense); mouse ROS, 5'-CCAACTGGGATAACGAGTTCA-3' (sense) and 5'-GAGA GTTTCAGCCAAGGCTTC-3' (antisense); mouse Arg-1, 5'-CTCCAAGCCAAAGTCCTTAGAG-3' (sense) and 5'-AGG AGCTGTCATTAGGGACATC-3' (antisense).
Protein extraction and western blot analysis. MDSCs were plated at 1x10 6 cells/well in 6-well plates (Falcon multiwell; Becton-Dickinson, Franklin Lakes, NJ, USA). The following day, the cells were treated with ATO in DMEM medium containing 10% FBS or 0.1% bovine serum albumin (BSA) at the times indicated in the experiment. After treatment, the cells were washed with cold PBS and lysed in the culture dishes using cell lysis buffer containing protease inhibitors. Cell extract was separated on polyacrylamide-SDS gels, transferred, and probed with signal transducer and activator of transcription 3 (STAT3) (cat. no. ab119352), p-STAT3 (cat. no. ab30647), AKT (cat. no. ab8805), p-AKT (cat. no. ab8933), mitogen-activated protein kinase kinase (MEK) (cat. no. ab32091), p-MEK (cat. no. ab96379), extracellular signal-regulated kinase (ERK) (cat. no. ab196883) and p-ERK (cat. no. ab65142) (all from Abcam, Cambridge, MA, USA) antibodies. The protein band, specifically bound to the primary antibody, was detected using an IRDye 800CW-conjugated secondary antibody (dilution, 1:1,000; cat. no. 456413; Molecular Probes, Carlsbad, CA, USA) and LI-COR imaging system (LI-COR Biosciences, Lincoln, NE, USA).
Statistical analysis. Statistical analyses were performed using GraphPad Prism, version 5.02 (Graphpad Software Inc., La Jolla, CA, USA). Data are presented as the mean ± standard deviation (SD) from at least three independent experiments. The statistically significant differences between the groups were assessed using a one-tailed Student's t-test. P<0.05 was considered to indicate a statistically significant difference. The degree of significance is indicated as: P<0.05, P<0.01 and P<0.001.
Results
ATO induces MDSCs differentiation in vitro.
The ability of ATO to induce the differentiation of MDSCs was evaluated. We collected MDSCs from the spleen of B16 tumor-bearing mice using the microbeads and the purity of CD11b + Gr-1 + cells was up to 95% (Fig. 1) . Then we administered MDSCs with media alone or supplemented with 2 and 4 µM ATO, respectively. The phenotypic appearance of MDSCs in cultures was analyzed 120 h later by flow cytometry. We found that the administration of ATO significantly reduced the proportion and absolute number of CD11b + GR-1 + cells isolated from the spleen of tumor-bearing animals ( Fig. 2A) . Within the subsets, the M-MDSCs (CD11b + Ly6C + ) were downregulated (Fig. 2B) ; only M-MDSCs are capable of differentiating into mature DC and macrophages in an in vitro environment (17) . Additionally, in the presence of the ATO, the ratio of DCs (CD11c + CD40 + ) to macrophages (F4/80 + ) was significantly upregulated compared to cells cultured in the absence of ATO (Fig. 2C and D) , which indicates that ATO may induce M-MDSCs differentiation into mDCs and macrophages.
ATO inhibits proliferation and induces apoptosis of MDSCs in vitro.
The results showed that ATO can inhibit the proliferation of MDSCs in vitro (Fig. 3A) . We analyzed the effect of ATO on cell cycle distribution of MDSCs through flow cytometry, and the data showed a decrease in G2/M and significant G0/G1 cell cycle arrest in MDSCs exposed to ATO (Fig. 3B) . To confirm that ATO induced cell death in vitro, the number of apoptotic and necrotic MDSCs was analyzed by flow cytometric detection of Annexin V and PI staining. We verified that ATO induced apoptosis in MDSCs (Fig. 3C) . RT-PCR analysis revealed that the pro-survival protein Bcl-xL levels were significantly decreased while the pro-apoptotic protein Bax level was significantly increased in ATO-treated MDSCs compared to the control group (Fig. 3D) . 
ATO regulates the function of MDSCs through Janus kinase (JAK)/STAT, phosphatidylinositol 3-kinase (PI3K)/AKT and MEK/ERK signaling pathway in vitro.
The concentrations of TNF-α and IL-10 in supernatants from MDSCs administered with ATO tested by ELISA were downregulated compared to the vehicle group (Fig. 4A) . In addition, the mRNA expression profiles were explored. RNA extracted from the MDSCs of the two groups detected by quantitative PCR showed that ATO significantly downregulated the expression of TGF-β, VEGF, iNOS and ROS in MDSCs (Fig. 4B) , which play an important role in the suppressive activity of MDSCs.
To explore the potential mechanisms underlying the ATO-mediated inhibition of MDSCs, the key factor in the signaling pathway was investigated. Phosphorylation of STAT3, AKT, MEK and ERK were decreased in a dose-dependent manner by ATO (Fig. 4C-E) , indicating that ATO may inhibit the function of MDSCs through the JAK/STAT, PI3K/AKT and MEK/ERK signaling pathway.
ATO induces MDSCs differentiation in vivo.
An optimal antitumor drug should negatively target immunosuppressive cells while sparing immune effectors. B16 and H22 tumor-bearing mice suffered from splenomegaly and an increasing number of MDSCs. ATO effectively reduced the size and weight of the spleen in tumor-bearers ( Fig. 5A and B) . Consistently, we found that the proportion of CD11b + Gr-1 + cells in the spleen of the two treatment groups was significantly decreased compared to the saline-treated groups (Fig. 6A) . The subsets of MDSCs demonstrated different changes in the B16 mice. The G-MDSCs (CD11b + Ly6c + Ly6G high ) were reduced significantly while M-MDSCs (CD11b + Ly6C + Ly6G low ) showed no change (Fig. 6B, left) . However, in the H22 mice, both the G-MDSCs and M-MDSCs were downregulated by ATO (Fig. 6B, right) . Consistent with these results, the ratio of DCs, which expressed CD11c + CD40 + and CD11c + CD86 + , were increasing (Fig. 6C) . The results indicated that MDSCs could be induced into mDCs by ATO. 
ATO impairs MDSCs immunosuppressive function.
A distinct hallmark of MDSCs is their ability to inhibit the activation and proliferation of T cells. We further assessed the immune response of MDSCs by co-culturing the MDSCs and T cells from Balb/c mice. Consistent with previously reported results, MDSCs isolated from untreated tumor-bearing mice significantly inhibited T lymphocyte (CD90.2 + ) prolife ration (18) . The suppressive function of MDSCs isolated from ATO-treated tumor-bearing mice was significantly attenuated (Fig. 7A and B) . In addition, the frequency of Tregs (CD4 + CD25 + ), which is another important immunosuppressive cell subset, was also reduced in the ATO-treated mice. By contrast, ATO had practically no effect on the number of CD8 + cells (Fig. 7C) . The secretion of TNF-α and IL-10 from serum harvested from the ATO-treated mice were downregulated (Fig. 7D) . Therefore, ATO may be able functionally to reverse MDSC-mediated immune suppression.
ATO regulates the function of MDSCs through the JAK/ STAT, PI3K/AKT and MEK/ERK signaling pathways in vivo.
We explored the underlying mechanism of residual MDSCs in the spleen of mice treated with ATO. Ten days after ATO treatment, the mRNA levels of TGF-β, VEGF, iNOS, ROS and Arg-1 in MDSCs were decreased (Fig. 8A and B) . Then, we further detected the conventional mediator underlying the regulation of MDSCs. The data show that the JAK/STAT, PI3K/AKT and MEK/ERK signaling pathways are involved in the inhibitory suppressor activity of MDSCs by ATO (Fig. 8C-E) . Altogether, these results indicate that after ATO administration, MDSCs exhibit curtailed immunosuppressive activity through various signaling pathways.
Discussion
It is widely accepted that successful cancer immunotherapy can only be successful when associated with the elimination of suppressive cells (19) . Our data have demonstrated that ΑΤΟ has a cytotoxic effect, which is carried out targeting by MDSCs through induction of differentiation, suppression of proliferation, promotion of apoptosis, and inhibition of the immunosuppressive activity of MDSCs.
MDSCs derived from the expansion of myeloid precursor cells are defined as immature myeloid cells (iMCs), and they have impaired differentiation ability and potent immune suppressive activity (3). G-MDSCs and M-MDSCs in mice share the ability to suppress T-cell activation, albeit using distinct effector molecules and signaling pathways (20) . In the differentiation in vitro experiment, M-MDSCs were able to differentiate into mDCs and macrophages while G-MDSCs were unable to further differentiate (21) . Mouse mature DCs derived from myeloid precursor cells that express CD11c and the co-stimulator molecules CD80, CD86 and CD40, play a key role in the antigen-specific immune response (22, 23) . However, the abnormal differentiation of myeloid cells leads to a curative defect in cancer (24, 25) . In the present study, we found that ATO can promote MDSCs differentiation into mDCs both in vitro and in vivo.
The elevated presence of MDSCs in tumor bearers may be due to their elevated ability for proliferation and resistance to spontaneous apoptosis, when compared to those from tumor-free mice. In this study, we observed that ATO inhibits proliferation of MDSCs by triggering the G0/G1 arrest in cell cycle. In addition, the Bcl-2 family of the pro-apoptotic protein Bax and the anti-apoptotic protein Bcl-xL retain a dynamic balance in the regulation of apoptosis of MDSCs (26) . Our results demonstrate that the apoptosis of MDSCs induced by ATO may function by disturbing the balance in the expression between Bax and Bcl-xL.
The most important role of MDSCs is to suppress the function of CD8 + T cells (5) . A range of molecular factors were involved in the immunosuppressive function of MDSCs, which leads to tumor evasion from host immune detection. TGF-β together with iNOS produced by tumor-induced MDSCs may inhibit T-cell proliferation, while ROS and Arg-1 may suppress the CD8 + T-cell response (27) (28) (29) (30) . Furthermore, TNF-α secreted by MDSCs can activate their suppressive activities and enhance the inhibition of lymphocyte proliferation (31) . IL-10 can maintain the regulatory activity of Tregs and impair DC function (32, 33) . In addition, MDSCs can suppress T-cell proliferation by indu cing the development of Tregs (34) . Our data show that ATO was able to effectively improve the proliferation of T cells by weakening the inhibitory factors of MDSCs. (E) Extracts of MDSCs from the spleen of B16 mice treated with saline or ATO were analyzed by western blot with antibodies against p-MEK. ATO, arsenic trioxide; MDSCs, myeloid-derived suppressor cells; JAK, Janus kinase; STAT, signal transducer and activator of transcription; PI3K, phosphatidylinositol 3-kinase; AKT, serine/threonine-specific kinase; MEK, mitogen-activated protein kinase kinase; ERK, extracellular signal-regulated kinase; mRNA, messenger RNA; TGF-β, transforming growth factor-β; iNOS, inducible nitric oxide synthase; ROS, reactive oxygen species; Arg-1, arginase-1.
MDSCs modulate the tumor microenvironment favorable for angiogenesis and tumor progression through the expression of VEGF (35) . In our study, the vascular-disrupting property of ATO that represses VEGF on MDSCs has been identified.
The JAK/STAT pathway has a critical role in cancer immu nity, among which STAT3 has taken the lead (36, 37) . STAT3 is the main transcription factor that regulates the function of MDSCs (38) . The high phosphorylated STAT3 levels of MDSCs from tumor bearers correlates to Arg-1 and ROS production levels and activity, as well as the angiogenic gene VEGF expression (39) (40) (41) . Additionally, the PI3K/serine/threonine-specific kinase (PI3K/AKT) signaling pathway is also responsible for the immune suppressive activity of MDSCs (42) . The expansion of MDSCs may be triggered via ERK activation. Thus, it is clear that the MEK/ERK signaling pathway is a necessary supplement in the mediation of MDSCs (43) . Therefore, we provide evidence that suppression of the JAK/STAT, PI3K/AKT and MEK/ERK signaling pathways is the potential mechanism underlying the regulation of MDSCs by ATO both in vivo and in vitro.
In conclusion, this study highlights that ATO plays immunotherapeutic interventions by curtailing the number of MDSCs, inhibiting their immunosuppressive activity and restoring the immunological surveillance. A recent study revealed that ATO combination with irinotecan therapy has an additive antitumor effect compared to control and irinotecan alone on account of its vascular damage feature (44) . Our study identified that ATO is useful as a chemosensitizer that normalizes conditions in tumor microenvironment in combination therapy. We hope to provide new insight into modern cancer therapy and that clinical investigators may be encouraged to use ATO as a single agent or combination with additional chemotherapeutic agents in treating patients diagnosed with solid tumors.
